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Spanning a broad range of physical systems, complex symmetry breaking is widely recognized
as a hallmark of competing interactions. This is exemplified in superfluid 3He which has multiple
thermodynamic phases with spin and orbital quantum numbers S = 1 and L = 1, that emerge
on cooling from a nearly ferromagnetic Fermi liquid. The heavy fermion compound UPt3 exhibits
similar behavior clearly manifest in its multiple superconducting phases. However, consensus as to its
order parameter symmetry has remained elusive. Our small angle neutron scattering measurements
indicate a linear temperature dependence of the London penetration depth characteristic of nodal
structure of the order parameter. Our theoretical analysis is consistent with assignment of its
symmetry to an L = 3 odd parity state for which one of the three thermodynamic phases in non-
zero magnetic field is chiral.
1. Introduction
Recent interest in topological superconductors has fo-
cused attention on materials that exhibit chiral symme-
try, or have been proposed to exhibit chiral symmetry,
including Sr2RuO4,
3He, and UPt3 [1]. In particular, the
heavy fermion compound UPt3 [2, 3] has attracted the-
oretical attention [4–6] in part as a consequence of con-
flicting experimental reports on the nature of its uncon-
ventional superconducting state. For example, the obser-
vation of Pauli limiting in the upper critical field [7] ap-
pears to be incompatible with temperature independence
of the Knight shift [8, 9]. Josephson tunneling interfer-
ence measurements [10] and measurements of the polar
Kerr effect [11] provide evidence for an order parame-
ter that is chiral in the B-phase. However, recent direc-
tional thermal conductivity experiments are interpreted
otherwise [6]. Here we use small angle neutron scattering
(SANS) from the vortex lattice (VL) to provide a bulk
probe of the temperature dependence of the penetration
depth, obtaining evidence for the nodal structure of the
order parameter in the B-phase supporting its identifica-
tion as an odd parity, chiral state, with E2u symmetry
consistent with theory [12].
One of the most striking properties of UPt3 is the fact
that the H−T superconducting phase diagram has three
distinct superconducting vortex phases shown in Fig. 1a,
conventionally labeled A, B, and C. Experiments and the-
ory demonstrate that this phase diagram can only be ex-
plained by an unconventional superconducting order pa-
rameter [3], a close parallel to superfluid 3He. However,
a complete theoretical description of the superconduct-
ing state of UPt3 has not been settled, and there are
several candidate models that can account for the mate-
rial’s unusual physical properties. The order parameter
structure that is consistent with a number of experiments
is an odd-parity, f -wave (L=3) orbital state of E2u sym-
metry [4, 12]. However, with some success, comparisons
with experiment have also been made for an even-parity,
d-wave (L=2) orbital state of E1g symmetry [13]. Both of
these order parameters are chiral and break time rever-
sal symmetry in the low temperature B-phase in contrast
to a recent proposal [6] for an odd-parity, f -wave (L=3)
model with E1u orbital symmetry which is non-chiral and
time reversal symmetric in the B-phase.
All of these order parameters have nodes in the
superconducting energy gap, each with different nodal
structure in the three vortex phases. Consequently, it is
of particular importance to explore physical properties
that are directly linked to this nodal structure and that
are sensitive to the gap dispersion at the nodes. Using
SANS from the VL, we have measured the temperature
dependence of the components of the London penetra-
tion depth, λi(T ), that probe the gap nodal structure
along the principal directions of the crystal [14, 15] find-
ing linear behavior in the low temperature limit. Our
calculations using the quasiclassical Green’s function
approach and an ellipsoidal Fermi surface are consistent
with the λi(T ) data over a wide range of temperature
for an order parameter with E2u symmetry. We compare
our results for λi(T ) with those from other experimental
methods including ac-susceptibility [16, 17] and muon
spin rotation (µSR) [18, 19].
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FIG. 1. Phase diagram of UPt3 and its vortex diffraction
pattern. (a) A schematic of the phase diagram for the three
vortex phases, A, B, and C, of UPt3 for H ||a
∗. The normal
to superconducting transition is Tc. The transitions between
phases are TAB and TBC . (b) An example of a diffraction
pattern, measured at ≈ 50 mK for H = 0.3 T with H ||a∗. The
Bragg condition was only satisfied for diffraction peaks above
the beam center. By symmetry, there are two peaks below
the beam center and 2 peaks on the horizontal, indicated by
red circles. The UPt3 crystal axes are shown as white arrows.
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FIG. 2. The VL opening angle in B and C-phases. The
opening angle 2α is defined in the inset, shown as a function
of applied magnetic field along the a∗-axis measured at ≈
50 mK. The B to C-phase transition is given by the vertical
dashed line at H = 0.6 T. Red lines are guides to the eye.
2. Experimental Methods
Our sample consists of a high-quality, 15 g single crystal
(RRR > 600), cut into two pieces, and is described by
Gannon et al. [20]. The UPt3 crystals were co-aligned,
fixed with silver epoxy to a copper cold finger, and
mounted to the mixing chamber of a dilution refrigerator
with the crystal a-axis vertical and the c and a∗-axes
in the horizontal plane. Rotation of the dilution insert
allowed easy reorientation of the a∗ or c-axes to be
parallel to the magnetic field and neutron beam inside
a horizontal superconducting magnet on the SANS-I
and SANS-II beamlines at the Paul Scherrer Institut in
Villigen, Switzerland. For measurements on SANS-I, the
neutron wavelength was 6 A˚ with 11 m of collimation
and detector to sample distance between 16 and 20 m.
For measurements on SANS-II, 9 A˚ neutrons were used
with 6 m of collimation and the detector to sample
distance was 6 m.
3. Results
A typical result of a SANS diffraction pattern from UPt3,
is shown in Fig. 1b with magnetic field H = 0.3 T par-
allel to the a∗-axis. In the present work we have made
measurements of many similar patterns as a function of
temperature and magnetic field, Fig. 2. Only the first
order Bragg reflections were observed as in Fig. 1b, since
UPt3 has relatively long penetration depths. The diffrac-
tion patterns were constructed from a superposition of
scattering images measured at different rocking angles φ
about the horizontal, Fig. 3, where the Bragg condition
was satisfied above the beam center. For all data dis-
cussed here background scattering measured in zero ap-
plied field was subtracted. The diffraction pattern shown
in Fig. 1b is that of a distorted hexagonal vortex lat-
tice (VL), similar to, but more anisotropic than, previous
SANS measurements in this orientation [21, 22]. By sym-
metry, there are four additional peaks indicated by red
circles that were not imaged in the hexagonal domain in
Fig. 1b, but they were directly observed at higher fields.
The symmetry of the diffraction pattern is the same as
that of the real space VL, rotated by 90 degrees with a
rescaling of the axes. The distortion of the VL from a per-
fect hexagon is a result of penetration depth anisotropy
in the plane perpendicular to a∗. When a 0.2 T field is
applied parallel to the c-axis, a perfect hexagonal VL is
seen within our resolution, in agreement with previous
measurements for that orientation at a similar field [23].
Fig. 2 shows the opening angle 2α of the VL, defined
in the inset, as a function of applied magnetic field for
H ||a∗. For the data shown here the VL was prepared
by reducing the magnetic field at constant temperature
≈ 50 mK from above the upper critical field, Hc2. Then,
a damped oscillation with initial magnitude 0.02 T was
performed around the final measurement field. The moti-
vation for preparing the VL with this field history was to
produce the superconducting state with an equilibrium
order parameter orientation and to ensure that the VL
was in the ground state [23, 24].
Our 2α data can be best described as having a linear
field dependence in the B-phase that becomes field in-
dependent in the C-phase, where the B to C-transition
occurs between H = 0.5 and 0.6 T in this field orien-
tation, inferred from the phase diagram of Adenwalla et
al. [25]. The field dependence to the opening angle in-
dicates that non-local corrections to the London theory
are signifyicant [12, 26, 27]. A change in the field depen-
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FIG. 3. Rocking curves. Examples of rocking curves are pre-
sented at ≈ 50 mK for H = 0.3 T (black circles) and 0.85 T
(purple squares) with fields along the a∗-axis. Fits to each
rocking curve are gaussian and the φ axis is shifted to the
curve center, φ0.
dence of the opening angle at the B to C-transition was
also reported by Yaron et al. [22].
The intensity in a diffraction peak is related to the
Fourier transform of the local field variations from the
real space VL. Systematic measurements as a function
of rocking angle were made to produce rocking curves
such as displayed in Fig. 3. We measured the first or-
der Fourier component of the diffraction, called the form
factor |h1|, expressed as,
|h1|2 = R 16Φ
2
0q
2piγ2λ2nt
. (1)
The form factor is calculated from the reflectivity, R,
equal to the integrated intensity of a rocking curve mul-
tiplied by cosα (the Lorentz factor), divided by the in-
cident neutron flux. In Eq. 1, Φ0 = 2.07x10
5T ·A˚2 is
the magnetic flux quantum; q is the magnitude of the
scattering vector of the reflection being measured; the
gyromagnetic ratio of the neutron is γ = 1.91; λn is the
incident neutron wavelength; and t is the effective sam-
ple thickness which we have taken to be 3.9 mm – the
equivalent thickness of a uniform sample with the same
width, height, and volume as our sample. The field de-
pendence of our measurements of rocking curve widths
do not show the sudden broadening at the B-C phase
transition reported by Yaron et al. [22]. All of our rock-
ing curves are only ∼ 20% broader than the resolution
limit for our experiments. We also do not see a change
in slope of the field dependence of |h1| at the B-C tran-
sition as reported earlier [22]. It is likely that absence
of these effects can be attributed to the higher quality of
our crystal and the oscillatory field procedure which we
have used to overcome flux pinning.
In the London theory the form factor is related to
the material properties through the magnetic penetration
depth λ. The form factor for an isotropic superconductor
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FIG. 4. Scattered neutron intensity. The rocked-on SANS
intensity as a function of applied magnetic field is shown for
fields along the a∗-axis at H = 0.2 T (red circles) and 0.4
T. The solid red arrow indicates Tc = 520 mK at 0.2 T. The
dashed blue arrow indicates Tc = 450 mK at 0.4 T.
is given by,
|h1| = B
1 + λ2q2
e−cξ
2q2 (2)
where ξ is the superconducting coherence length and c is
a constant, typically taken to be 1
2
. The fractional part
of Eq. 2 comes directly from the London equations [28].
The exponential factor is a correction to the London
theory to account for the non-zero extent of the vor-
tex cores [29, 30]. This simple gaussian model for the
core correction with the constant c = 1
2
has been found
to be more accurate than more sophisticated models [30].
Nonetheless, the temperature dependence of the penetra-
tion depth is not sensitive to the choice of this correction
and its exact value is immaterial to the conclusions in
the present work. For an anisotropic superconductor the
form factor can be expressed in terms of the principal
values of the penetration depth λi corresponding to cur-
rents flowing along each of the principal directions of the
crystal, with i = 3 for currents along the c-axis. Measur-
ing the form factor therefore provides a direction-specific
probe of the low lying excitations in the superconducting
state sensitive to gap nodes [14].
For uniaxial anisotropy, as for UPt3, λ1 = λ2 6= λ3
and the form factor for fields along the a or a∗-axis be-
comes [28],
|h1| = B
1 + λ21q
2sin2α+ λ23q
2cos2α
e−cξ
2q2 , (3)
where the λi are related to the corresponding diagonal
components of the quasi-particle mass tensor mi, and
the opening angle 2α, through the relation,
tan2α = (m3/3m1) = (λ
2
3/3λ
2
1). (4)
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FIG. 5. Temperature dependence of the opening angle and
scattering vector. (a) The opening angle 2α(T ) and (b) the
magnitude of the scattering wave vector q(T ) is shown as a
function of temperature. For each panel, the data is given
for fields along the a∗-axis at 0.2 T (red circles) and 0.4 T
(blue triangles). For H ||c at 0.2 T the data (green squares)
are within error bars of being a perfectly hexagonal VL. The
solid lines show the average for each data set. The dashed
lines in panel (b) show q calculated using the average values
of 2α taken from panel (a), assuming single flux quantization
and B = µoH .
If there is no variation in the VL geometry as a func-
tion of temperature, as demonstrated in Fig. 5, then the
temperature dependence of the form factor given by Eq. 3
reflects the temperature dependence of λ3 where the de-
nominator of Eq. 3 simplifies to 1 + 4
3
λ23q
2 cos2 α.
We have made measurements of the temperature de-
pendence of the VL scattering for magnetic fields along
both the crystal c and a∗-axes with the field reduced
from above Hc2, followed by damped field oscillations be-
fore measurement at each temperature. Rocking curves
were obtained for each orientation at base temperature
and at intermediate temperatures to determine that there
was no broadening as temperature was varied. The mag-
net and sample were rotated to the center of the rock-
ing curve and the scattered intensity I(T ) was measured
“rocked-on” (φ = φ0) as a function of temperature,
Fig. 4.
The opening angle and the scattering vector, taken
directly from the diffraction pattern, are both tempera-
ture independent as shown in Fig. 5a,b. The penetration
depth anisotropy at low temperatures obtained directly
from the opening angle is, λ1/λ3 = 1.83 ± 0.04 at
H = 0.2 T, giving a quasiparticle mass anisotropy of
m1/m3 = 3.34 ± 0.13. Using the average values of α
and q, we calculated |h1| from Eq. 1 at H = 0.2 T for
each temperature and field orientation. We determined
λ3(T ), shown in Fig. 6 from the simplified version of
Eq. 3 using our |h1| values for H ||a∗, the average values
of α and q for this field orientation, and ξ=110 A˚ [7].
Since the penetration depth is isotropic in the plane
perpendicular to the c-axis, we used Eq. 2 and our
results for |h1| with H ||c to find λ1(T ).
4. Penetration Depth at Low Temperature
The nodal structure of the order parameter is evident
from the VL scattering cross-section in its low temper-
ature limiting behavior where the quasiparticle thermal
excitation energies are much less than kBTc. From earlier
work, notably thermal conductivity and sound attenua-
tion [3] together with the theory [4, 12], this limiting low
temperature region is T/Tc . 0.4 which we conserva-
tively take to be T/Tc . 0.3. We have compared linear
and quadratic fits to the temperature dependence of λ3
over this temperature range shown in detail in Fig. 6b.
Our data is consistent with a linear temperature depen-
dence which provides a significantly better description
than quadratic behavior as indicated by our chi-squared
analyses for the fits shown in this figure.
For λ1(T ), i.e.H ||c, the accuracy of the data is less
than for λ3(T ) since the corresponding penetration
depth is larger and the spatial variations of the local
magnetic field from which the neutrons are scattered
are much smaller. However, we have independent
information from the diffraction pattern resident in our
measurement of the opening angle α(T ). Within the
context of the London theory we can determine λ1(T )
from Eq. 4. We plot this determination of λ1(T ) in
Fig. 6a as a blue line, which is also linear in temperature
just as is λ3(T ). Our extrapolations to zero temperature
with linear fits to the data give: λ1(0) = 6, 800± 210 A˚
and λ3(0) = 3, 920± 60 A˚.
5. Theoretical Analysis
To interpret our data in terms of the pairing symme-
try of UPt3, we provide a brief discussion of the nodal
structures of the superconducting gap. Gap profiles in
the B-phase for various candidate models for the symme-
try of the order parameter are shown on an ellipsoidal
Fermi surface in the inset to Fig. 7b. In the low field and
low temperature B-phase, where all of the data shown
in Fig. 6 were measured, the three predominate pairing
models discussed earlier have three different nodal struc-
tures. For the E2u model [12], there are point nodes at
the poles of the Fermi surface which open with quadratic
wave-vector dispersion, and a line node around the equa-
tor of the Fermi surface that opens with linear dispersion.
The E1g model [13] also has point nodes at the poles,
however these nodes open linearly. Similar to E2u, the
E1g model also has a line node around the equator that
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FIG. 6. The temperature dependence of the penetration
depth. (a) λ1 calculated with Eq. 2 (green squares) and λ3
(red circles, from Eq. 3 ) over the whole temperature range
with linear fits to each (green and red lines) from base temper-
ature to T/Tc = 0.3 in a magnetic field H = 0.2 T. The blue
line is derived from analysis of λ1(T ) together with the open-
ing angle α(T ) in the context of the London theory, Eq. 4.
The statistical accuracy of the measurements for λ3 is ap-
proximately the size of the data points. (b) λ3 in the low
temperature region with linear (red) and quadratic (yellow)
power law fits. The linear fit is significantly better with χ2
favoring linear temperature dependence by a factor of 2.23 as
compare with a quadratic fit. Additionally, the temperature
dependence over a broad range is consistent with our theo-
retical analysis, Fig. 7 for quadratically dispersed point nodes
along the c-axis that leads to a linear temperature dependence
at low temperatures.
opens linearly. The E1u model [6] has a somewhat more
complicated gap structure in the B-phase, with point
nodes at the poles that have linear dispersion and two
line nodes in planes parallel to the equator where there
is an antinode. Our measurements of λ1 test the nodal
structure on parts of the Fermi surface having a signifi-
cant basal plane component of the Fermi velocity, while
measurements of λ3 are sensitive to the nodes where the
Fermi velocity has a large c-axis component.
For a polar point node with quadratic dispersion,
a linear temperature dependence of λ is expected in
the low temperature limit, while for a point node with
linear dispersion, there would be a T 2 temperature
dependence. Extending analysis to a wider range of
temperature and interpretation of our results in terms
/
λ1 / λ1(0) λ3 / λ3(0)
λ
 /
 λ
(0
)
AB AB
FIG. 7. Theoretical calculation of the penetration depth.
Comparison is made with three models for the symmetry of
the order parameter E2u, E1g , and E1u (a) The calculations of
λ1(T )/λ1(0) as a function of temperature are shown for each
model order parameter symmetry and an ellipsoidal Fermi
surface, (b) inset. The open circles in (a) are data from Fig. 6a
labeled λ1. An independent and more accurate data set for
λ1 (solid circles) was obtained from the data for λ3 combined
with measurements of the opening angle as described in the
text, Eq. 4. (b) The calculations of λ3(T )/λ3(0) give the
temperature dependence of the penetration depth for currents
along the c-axis. The linear behavior at low temperature for
the E2u state is a consequence of the quadratic dispersion of
the energy gap for the polar nodes. Solid curves are for E2u
(blue), E1g (green), and E1u (yellow). Dashed lines show re-
sults for different nodal openings µ1 (E1g) and µ2 (E2u). (b
Inset) Gap profiles for the three candidate order parameters
in the B-phase on an ellipsoidal Fermi surface.
of order parameter symmetry requires a theoretical
calculation including the effects of thermal excitations
of quasiparticles averaged over the whole Fermi surface.
We performed calculations of the penetration depth
within the framework of the quasiclassical theory [31, 32],
and compared three models for the symmetry of the order
parameter E2u, E1g, and E1u in Fig. 7a,b. The calcula-
tions of superfluid density ρn(T ) and penetration depth
λ1,3(T )/λ1,3(0) =
√
ρ1,3(0)/ρ1,3(T ) were performed for
an ellipsoidal Fermi surface p2x + p
2
y + 3p
2
z = p
2
0, with
mass anisotropy m1/m3 = 3 to account for the observed
anisotropy of the penetration depth λ1(0)
2/λ3(0)
2 ≈
3.3, and the normal state transport, κc(Tc)/κab(Tc) ≈
2.8 [33]. The choice for the form of the order parame-
ter is less obvious, and there are several approaches to
model the gap structure using standard functions, such
as spherical functions, or Allen Fermi surface harmon-
ics [34]. We made the more natural choice of ellipsoidal
harmonics since they are orthogonal on an ellipsoidal
Fermi surface, and transform into spherical harmonics
with proper rescaling of the Fermi surface. Substituting
(px, py, pz) = (kx, ky, kz/
√
3) we write the gap profiles for
6the three models,
∆E2u = ∆0|kz(kx + iky)2|
∆E1g = ∆0|kz(kx + iky)|
∆E1u = ∆0
∣∣∣(5k2z − p20)
√
k2x + k
2
y
∣∣∣
(5)
displayed in the inset to Fig. 7b. We used a single-
component model for the order parameter, valid deep
inside the B-phase and followed the approach from pre-
vious work [34], normalizing the temperature to the lower
critical temperature TAB ≈ 0.88Tc.
For this choice of gap functions, and treating λ(0) as
the only adjustable quantity, the theory with E2u or-
der parameter symmetry closely replicates the observed
λ3(T )/λ3(0) over a wide range of temperature. The best
fit is shown in Fig. 7b by a solid blue line, whereas the
E1g and E1u models with ellipsoidal harmonics provide
considerably worse fits. The E2u model is also consistent
with the data for λ1 (solid circles) in Fig. 7a.
It was pointed out that ‘pure’ ellipsoidal or spher-
ical harmonics might not necessarily reflect the cor-
rect low-energy structure of the excitations, and do not
replicate the observed anisotropy of the heat transport,
κc(T )/κb(T ) [35]. A set of gap functions was suggested
that are parametrized near line and point nodes with
variable slope coefficients µ for angles δθ with respect to
the c-axis.
∆lineE2u = µ∆0δθ ∆
point
E2u
= µ2∆0δθ
2
∆lineE1g = µ∆0δθ ∆
point
E1g
= µ1∆0δθ
(6)
Eq. 5 corresponds to the opening nodal parameters: µ =
µ1 = µ2 = 1. However these authors [35] only found
a good fit for the thermal conductivity data and sound
attenuation with µ = 1, µ1 = 1/3, µ2 = 2 [4, 35].
The latter parameter set results in dashed lines
in Fig. 7b. With this ansatz the E2u model cannot
fit the data over the entire temperature range, while
E1g follows the observed data fairly well within error
bars but with significantly higher χ2 value at lower
temperatures, as discussed in Fig. 6b. This model is
also a less likely candidate based on previous analysis of
sound attenuation [4]. In summary, it is compelling that
E2u symmetry with a simple parameter set and elliptical
harmonics is in excellent agreement with our measured
penetration depths over a wide temperature range.
6. Discussion and Summary
Signore et al. [17], reported a linear temperature be-
havior which could not be associated with any specific
component of the penetration depth. Interpretation of
their ac-susceptibility measurements requires an analysis
of the real and imaginary parts of the electromagnetic
response from which extraction of the penetration depth
is not trivial and is necessarily sensitive to surface qual-
ity [16, 17]. An early µSR investigation by Broholm et
al. [18] found a penetration depth anisotropy much too
small to be consistent with other observations of the su-
perconducting state [3, 21, 22]. In a later µSR study,
Yaouanc et al. [19] obtained λ1(0) = 6, 040± 130 A˚ and
λ3(0) = 4, 260 ± 150 A˚ with H = 0.018 T, qualitatively
consistent with what we report here.
Evidence for gap nodes has been sought from the low
temperature behavior of the thermal conductivity and
attenuation of sound [4, 33–38]. The earliest reports [33],
provided evidence for both a polar gap node along the
c-axis and a line node in the basal plane. However,
a conclusion in terms of a specific order parameter
symmetry from nodal gap quasiparticle excitations was
not possible [34, 35]. At high temperatures in the
A-phase, measurements of transverse sound attenua-
tion [38], vortex lattice structure [23], and directional
tunneling [39] are consistent with E2u symmetry. In
contrast, a recent report of the directional dependence
of the thermal conductivity in the B-phase was argued
to support a E1u state [6]. This theory requires weak
spin-orbit coupling in order to maintain consistency
with spin susceptibility measurements from the Knight
shift. The latter is in conflict with observations of
Pauli limiting anisotropy evidenced in the upper critical
field [7] and it is in conflict with most other theoretical
work [3, 4]. Our approach has been to use SANS
to measure the vortex structure from which we have
determined the penetration depth. These measurements
are not compromised by imperfections at the sample
surface since they are an average over the whole super-
conducting crystal and they provide absolute values for
the penetration depth. The interpretation of transport
measurements makes an assumption for the existence of
a single order parameter domain that is not required for
our measurements of the penetration depth from which
we infer that superconductivity in UPt3 is an odd parity
state with E2u symmetry and that consequently, the
B-phase is chiral.
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